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I. SUMMAHY 
A s  part of a general study of the behavior of a spark-heated column 
of gas i n  a hypersonic stream, time-resolved measurements of spark 
temperature and in t ens i ty  prof i le  have been made i n  a s t a t i c  t e s t  chamber 
f o r  a range of spark energies and s t a t i c  pressures.  
e f f e c t s  of a magnetic f i e l d  p a r a l l e l  t o  the  spark a x i s  have been inves- 
t iga ted .  On the bas i s  of these s t a t i c  measurements, e l e c t r i c  f i e l d  
strength,  e lec t ron  energy, and ionizat ion l e v e l  have been computed. The 
r e s u l t s  show t h a t  a low voltage gradient and a low electron temperature 
e x i s t  i n  the  spark a t  i t s  mid-duration. Ionization l eve l  is  high, 
pa r t i cu la r ly  i n  the case of high magnetic f i e l d  s t rength and low s t a t i c  
pressure.  On the  assumption tha t  the i n i t i a l  conditions f o r  t h e  spark- 
heated column a re  given by the  average conditions during the  spark 
l i fe t ime,  the s t a r t i n g  point i n  t he  study of the spark-heated column 
behavior has been established. 
I n  addition, the 
An analysis  of t h e  spark process indicates  that  the r a t e  of increase 
of t rans la t iona l - ro ta t iona l  temperature has a maximum value a t  an e l e c t r i c  
f i e l d  s t rength of 1.0 t o  1.5 volts/cm/mm Hg and i s  r a the r  insens i t ive  
t o  changes i n  f i e l d  strength.  Furthermore, the maximum computed value 
i s  only about 6076 of the  measured rate of increase of temperature. 
Preliminary ana lys i s  shows tha t  ro t a t iona l  non-equilibrium e f f e c t s  could 
be responsible f o r  t h i s  discrepancy. 
order that  a better measurement of e l -ectr ic  f i e l d  strength can be obtained. 
Further work w i l l  be required i n  
11. INTRODUCTION 
The measurement of stream proper t ies  i n  a hypersonic wind tunnel  i s  
a d i f f i c u l t  problem that has occupied many invest igators  f o r  a number of 
years. 
such a s  pressure and heat- t ransfer  ra te ,  a r e  w e l l  understood, there  is  
a grea t  deal of uncertainty concerning measurements of stream proper t ies  
i n  the  undisturbed stream. Karamcheti e t . a l .  (1962) have shown the 
importance of an accurate knowledge of stream veloci ty  by considering 
the e f f e c t s  on measurements of other  quant i t ies  caused by an erroneous 
Although the technique6 of obtaining stagnation-point propert ies ,  
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computation of veloci ty .  
can not necessar i ly  be obtained from measurements made i n  the  tunnel  
reservoi r  and i n  the stagnation region. 
They have also shown t h a t  the stream veloc i ty  
Numerous methods of measuring flow veloci ty  i n  hypersonic tunnels 
have been used. These include the measurement of the convection of a 
spark-generated blast wave used by Karamcheti e t  .al. (1962). More 
recently,  the  convection of the ac tua l  spark-heated column has been 
measured t o  obtain flow velocity.  
of the  spark-heated column by s t r ik ing  a second spark through the  column, 
re lying on the res idua l  ionization of the column t o  provide a pe r fe ren t i a l  
path.  
vection of the spark-heated column, w i t h  the  res idua l  ionizat ion of the 
Kyser (1964) measured the  convection 
Cunningham and Dicks (1964) used microwaves t o  measure the  con- 
column at tenuat ing a microwave s igna l  t ransmi t ted  across the stream. 
Ful le r  (1965) measured the  convection of the spark-heated column with 
photomultipliers, t h e  r e s  i d u a 1 emission of rad ia t ion  several  micro- 
seconds a f t e r  the spark was extinguished giving the  detectable  s ignal .  
These three  techniques depend on the  spark-heated column being 
convected i n  exact ly  the same manner as the undisturbed stream and hence 
are subject t o  some question. Ruginger (1964) pointed out t h a t  the 
spark-heated column follows the gas ve loc i ty  only if the ve loc i ty  i s  
constant and t h a t  i n  the extreme case the  column veloci ty  can exceed 
the gas ve loc i ty  by as much as 60g i f  the  gas is accelerated by a moving 
shock wave. Cunningham and Dicks (1964) noted that  t h e i r  technique gave 
inval id  ve loc i ty  measurements when a n  excessive amount of energy was 
used t o  generate the spark. Also, it is apparent t h a t  both thermal 
expansion and ion d i f fus ion  can severely reduce the measuring accuracy 
obtainable with any technique t h a t  r e l i e s  on the  measurement of the 
locat ion of the spark-heated column at  some l a t e r  time. 
The present study of the behavior of a spark-heated column of gas 
i n  a hypersonic stream was undertaken t o  help c l ea r  up these uncer ta in t ies  
and thus provide a basis fo r  estimating the  accuracy of ve loc i ty  measure- 
ments that  depend on the convection of the spark-heated column. 
study i s  composed of two parts. 
t o  es tab l i sh  the  conditions i n  the spark-heated column a t  the in s t an t  
The 
F i r s t ,  the spark process w i l l  be studied 
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the  spark is  extinguished. Second, the subsequent motion of the spark- 
heated column w i l l  be studied, using the conditions obtained from the 
spark s tudies  as  i n i t i a l  conditions. This report  deals with the first 
p a r t  of t h i s  study, the measurement of the i n i t i a l  conditions i n  the 
spark-heated column. The subsequent motion, i .e.,  thermal expansion 
and diffusion, w i l l  be covered i n  the f i n a l  report .  
of the spark is short  compared with the period of t i m e  used f o r  measuring 
the  convective veloci ty  of the spark-heated column, the  i n i t i a l  conditions 
i n  the  spark-heated column w i l l  be assumed t o  be given by the  average 
conditions ex is t ing  during the  spark, and spark processes w i l l  be con- 
sidered only because of t h e i r  u l t i m a t e  e f f ec t  on the i n i t i a l  spark- 
heated column conditions. 
Since the duration 
The program of measuring the i n i t i a l  conditions of the spark-heated 
column was conducted i n  a s t a t i c - t e s t  chamber rather than i n  the hypersonic 
stream i n  the wind tunnel because of the large number of measurements 
required and the d i f f i c u l t y  of control l ing and repeating stream conditions 
i n  successive tests. The s t a t i c - t e s t  chamber is  shown i n  Figure 1. 
The chamber was attached t o  the tunnel  vacuum tank so tha t  the  tunnel  
vacuum system and pressure gages could be used i n  the s t a t i c  t e s t s .  The 
large pumping capacity of the  tunnel vacuum system made it possible t o  
f lush  the test chamber continuously with bot t led  nitrogen t o  keep t h e  
tes t  gas pure. 
The c i r c u i t  used t o  generate sparks f o r  the s t a t i c  t e s t s  i s  the 
same c i r c u i t  used i n  previous work (Kyser, 1964) and is shown i n  Figure 
2. Spark energy was varied by changing the s ize  of the storage capacitor,  
When the smallest  capacitor was used, it was found tha t  the capacitance 
of the transmission cable a l tered the discharge cha rac t e r i s t i c s  because 
of its contribution t o  t h e  X product of the  c i r c u i t .  
the  transmission cable was made as short  as possible by placing the spark- 
To a l l e v i a t e  t h i s ,  
generating c i r c u i t  adjacent t o  the s t a t i c - t e s t  chamber. 
In  e a r l i e r  s tud ies  of the u t i l i t y  of using sparks f o r  flow-velocity 
measurements, it was found tha t  a magnetic f i e l d  oriented p a r a l l e l  t o  
the  spark ax i s  could cause a s ign i f icant  reduction i n  the diameter of 
the spark. Therefore, two co i l s  were attached t o  the static-chamber 
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W 11 so th  t the ffects of magnet i 
of the spark column could 'be studied. 
f i e l d  on the i n i t i a l  conditions 
The c o i l s  were accurately aligned, 
Power was obtained with t he i r  common ax i s  contafning the electrode axis .  
from a bank of twelve =-volt a i r c r a f t  batteries connected i n  series. 
S t a t i c  t e s t s  were conducted over a wide range of conditions so t h a t  
Spark strength was varied from r e s u l t s  would be a s  general as  possible.  
0.05 t o  5.0 joules, magnetic-field s t rength from 0 t o  655 gauss, and 
pressure from 0 . 1 t o  10 mm Hg. Spark voltage and electrode gap were 
held constant respect ively a t  10 KV and 5 inches f o r  a l l  tests. 
The measurements made i n  the s t a t i c  tes t  chamber can be divided in to  
three categories:  spark current, spark temperature, and spark-intensity 
p ro f i l e .  Extensive quantitative current measurements were not made; it 
was thought su f f i c i en t  t o  show t h a t  the current followed the l i g h t  out- 
put closely.  Extensive measurements of spark temperature and in t ens i ty  
p ro f i l e  were made, par t icu lar ly  i n  the  case of the 0.5-joule spark a t  
1 m m  pressure. Detai ls  of the techniques used a re  discussed i n  the  
following sections.  On the basis  of these measurements and ce r t a in  
assumptions, it was possible t o  compute the  i n i t i a l  values of the  parameters 
t ha t  govern the  behavior of t h e  spark-heated column. These computations 
and the i r  implications are discussed i n  t h i s  report ,  but the  d e t a i l s  of 
the subsequent spark-column motion w i l l  not be covered u n t i l  the  f i n a l  
report .  
111. MEASUREMENT OF SPARK TEMPERATURE 
A s  a starting point i n  the study of the behavior of a spark-heated 
column of gas, the i n i t i a l  gas temperature must be measured. I n  pr inciple ,  
time-resolved measurements of spark temperature can be used t o  obtain 
the i n i t i a l  gas temperature by equating the f i n a l  spark temperature t o  
the i n i t i a l  temperature of t h e  gas i n  the spark-heated column. Because 
of the sub-microsecond spark durations encountered i n  the work, it was 
necessary t o r e s o r t  t o  spectrographic measurements t o  obtain the required 
speed of response. 
Nitrogen was selected as  the tes t  gas i n  the s tudies  because it i s  
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used f o r  t e s t i n g  i n  the  Stanford spark-heated hypersonic tunnel i n  order 
t o  avoid oxidation of the tunnel components and consequent contamination 
of the flow. 
a re  shown i n  Figure 3. From the p l a t e s  it can be seen t h a t  the most 
prominent fea ture  of the nitrogen-spark spectrum i s  a s e r i e s  of regular ly  
spaced bands, ca l led  the second pos i t ive  band system. 
r e s u l t s  from a single  e lectronic  t r ans i t i on ,  ca l led  the C3xu - B x 
Q 
t r a n s i t i o n  i n  the terminology of spectroscopy. The B and C have 
no physical significance,  but the superscr ipt  3 indicates  t h a t  the 
molecular s t a t e s  a re  t r i p l e t  states, the I[ indicates  t h a t  the quantum 
number of the e lec t ronic  o r b i t a l  angular momentum along the inter-nuclear 
ax i s  i s  uni ty .  The physical significance of the ''ut' and the "g" i s  
not per t inent  t o  t h i s  report .  
v ibra t iona l  t r a n s i t i o n  taking place simultaneously with the  e lec t ronic  
t r ans i t i on ,  and close examination of each band would show t h a t  it is  
composed of a large number of l i nes  r a the r  than a continuum. Each l i n e  
represents a par t i cu la r  ro ta t iona l  t r a n s i t i o n  taking place simultaneously 
with the e lec t ronic  and vibrat ional  t r ans i t i ons .  These l i nes  can be 
grouped i n t o  branches ca l led  the  "P" , "Q" , and "R" branches 
corresponding t o  a change i n  ro ta t iona l  quantum number of +1 , 0 , and 
-1 , respectively.  Other values f o r  the change i n  ro t a t iona l  quantum 
number a re  forbidden. Since the s t rength of each l i ne  i s  primarily a 
function of the  number of molecules undergoing the corresponding t r ans i t i on ,  
the ro t a t iona l  temperature can be found from the measured in tens i ty  d i s -  
t r i bu t ion  within a specif ied band. The correspondence between ro t a t iona l  
temperature and the ro ta t iona l  quantum number f o r  mean ro t a t iona l  k ine t i c  
energy can be seen from Figure 4. 
the ground s t a t e  or  the excited s t a t e  
number between 9 and 10. For both s t a t e s ,  an increase of one i n  mean 
ro t a t iona l  quantum number corresponds t o  an increase of about 80°K 
ro t a t iona l  temperature. 
t o  ro t a t iona l  temperature f o r  most processes because of the small number 
of molecular co l l ia ions  required f o r  equi l ibra t ion .  The va l id i ty  of t h i s  
assumption w i l l  have t o  be examined fu r the r  once the co l l i s ion  r a t e s  i n  
the spark have been estimated. 
Typical spectrographic p l a t e s  of the nitrogen.-spark spectrum 
The band system 
3 
Each band r e s u l t s  from a par t i cu la r  
Room-temperature nitrogen i n  e i t h e r  
C nu has a mean ro t a t iona l  quantum 
i n  
Translational temperature can be assumed equal 
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Computed In tens i ty  Distr ibut ion 
Before temperature can be obtained from band-intensity d l s t r ibu t ions  
measured experimentally, it i s  necessary t o  compute in t ens i ty  d i s t r ibu t ions  
from molecular constants f o r  a range of ro t a t iona l  temperatures. 
der ivat ion of the equations governing emission of rad ia t ion  by a molecular 
t r a n s i t i o n  i s  w e l l  covered by Hertzberg (1950) or  i n  references c i t e d  by 
h i m ,  so it w i l l  not be repeated here.  
The 
The frequency and wavelength of rad ia t ion  from an e lec t ronic  
t r a n s i t i o n  a re  re la ted  t o  the  energy difference between the two states 
i n  the t r ans i t i on  through Planck's r e l a t i o n  
hc 
=h E = hv' 
where E is  the energy of the radiat ion,  equal t o  the energy difference 
between the upper and lower s ta tes ,  
h i s  Planck's constant, 
v' is  the frequency of the radiat ion,  
C is the  veloci ty  of light, and 
h i s  the wave length of the radiat ion.  
A s  a r e s u l t  of the s i ze  of the numbers involved, it i s  more convenient 
t o  work with wave number ra ther  than frequency, where wave number i s  
defined as 
Equations f o r  the  wave numbers of the l i nes  i n  the  three branches 
a r e  given by Hertzberg as equations (IV-32) through (IV-34) and a r e  as 
follows : 
2 
R branch: v = v t 2B' + (3B; - B'') J + (B; - B:) J 
0 V 
Q branch : v = v  t 
0 
2 (Bi - B i )  J + (B' - B") J 
V V 
P branch: v = v - (Bi - B'') J + (B' - B') J' 
0 V 
where v i s  the  wave number of the  band or igin,  
0 
- 6 -  
,* 
is  the reciprocal  of the moment of i n e r t i a  of the molecule i n  
the v ibra t iona l  s t a t e  v 
and 
BV 
(B: , upper state; B: , lower s t a t e ) ,  
J i s  the  ro t a t iona l  quantum number of the lower state of the  
t r ans i t i on .  
The three equations can be wri t ten i n  terms of the upper-state ro t a t iona l  
quantum number by the following subs t i tu t ions  : 
R branch: J = J' - 1 
Q branch: J = J' 
P branch: J = J' + 1 
This gives as 8 f i n a l  r e s u l t  
R branch: 
Q branch: 
v = v 0 + 2B; (J'+l) + (B.: - B;) (J') (J' + 1) (14 
Ob) 
( I C )  
2 v = v + (B: - B") J' + (B$ - B") J" 
0 V V 
P branch: v = v - (B; t B") (J'+l) + (B: - B;) (J'+ 1) 2 
0 V 
The terms 
of Hertzberg : 
B; and Bi are evaluated with the a id  of equation(II1-114) 
Bv = Be - a e ( v  + 1/2) (2) 
i s  the reciprocal  of the  moment of i n e r t i a  of the molecule a t  
equilibrium nuclear separation, and 
Be 
d e ( v  + 1/2) 
where 
i s  the correction f o r  increase i n  nuclear separation 
r e su l t i ng  from anharmonic vibrat ion.  
 owi it is  necessary t o  select  a pa r t i cu la r  band and thus f i x  the 
v ibra t iona l  quantum numbers of the upper and lower states i n  the  t r ans i t i on ,  
Referring back t o  Figure 3 we see that  the s t rongest  bands have band heads 
a t  about 3370A, 3580A, and 3800A. 
are seen t o  correspond t o  the  
0 , l  band a t  3576.9A and the 0,2 band a t  3804.gA. 
f o r  t h e  temperature measurements because of the better s e n s i t i v i t y  of 
avai lable  photomultiplier t u b e s  t o  t he  longer wavelength radiat ion.  For 
the 0,2 band, equation (2 )  can be rewri t ten as 
I n  the  work of Nicholls (1964) these 
0,O ( v '  = 0, V" = 0)  band a t  3371.3A, the  
The 0,2 band was selected 
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B; = B" - 5/2 a; 
V 
From Table 39 of Hertzberg, we obtain 
3 
3 
B; = 1.8259 - 1/2(0.0197) = 1.8161 [C zu 
B; = 1.6380 - 5/2(0.0184) = 1.5920 [B  z 
Q 
s t a t e ]  
state] 
With these values, equations (1) can be rewri t ten as 
R branch: Y = v + 3.6518 (J' + 1) + 0.2241 (J') (J' + 1) (2a) 
Q branch: 
P branch: 
0 
v = v 0 + 0.2241 (J') (J' + 1) (2b) 
( 2 4  v = v 0 - 3.4081 (J' +1) + 0.2241 (J' + 1)2 
A t  t h i s  point it should be noted that vo is not the wave number 
corresponding t o  the band head a t  3804.gA, which has a value of 26,282, 
but  is the  wave number of the  band or igin,  i . e . ,  the  wave number of the 
J ' = O ,  J" = 0 t r ans i t i on .  The band head i s  formed by the P branch 
doubling back on i t s e l f .  The difference i n  wave number between the band 
o r ig in  and t h e  band head can therefore be found by d i f f e ren t i a t ing  equation 
(2c)  and solving f o r  the value of 
t o  zero. Thus we obtain 
J' t h a t  makes the d i f f e r e n t i a l  equal 
- -  dv - -3.4081 + .4482 (J' + 1) = 0 
dJ' 
or, J' = 6 or 7 since only in t eg ra l  numbers a re  not permitted. 
we have 
V = v - (3.4081) (7) + (.2241) (7)2 
Therefore, 
band head o 
o r  v = 26,295 . 
0 
If t h i s  subs t i tu t ion  is made, equations (2) can be wr i t ten  as 
R branch: 
Q branch: 
P branch: 
v = 26,295 t 3.6518 (J' + 1) + 0.2241 ( J ' )  (J' + 1) (3a )  
v = 26,295 + 0.2241 (J') (J' + 1) (3b) 
( 3 4  v = 26,295 - 3.4081 (J' + 1) + 0.2241 (J' + 1)2 
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: . 
. 
Since wavelength may be measured more e a s i l y  than wave number, 
equations (3) are more usefu l  it put  i n  terms of the  wavelength 
obtaining the  rec iproca l  of each s ide .  
he lp  of t h e  binomial theorem, as  shown i n  t h e  following f o r  t h e  
equation : 
A by 
This i s  r ead i ly  done with the  
R-branch 
0*2241 (J') (J' + l)] -' 1 +- (J' + 1) + zz7 - = A =  1 V 
1 1 3.6518 (J' + 1) - .- 0.2241 (J') (J' + 1) + ... ? 95 
h = [ 3803.0 - 0.528 (J' + 1) - 0.0324 (J') (J' + l)] 10 -8 c m  
or 
AN = 3803.0 - 0.528 (JiN + 1) - 0.0324 (JAN) (JAN + 1) Angstrom (4a) 
u n i t s  
Similar ly  f o r  t h e  Q branch we have 
$ = 3803.0 - 0.0324 (J' ) (Jb + 1) Angstromunits 
&N 
and f o r  t h e  P branch 
h = 3803.0 + 0.493 (JiN + 1) - 0.0324 (JiN + 1)2 Angstrom u n i t s  (4c) N 
where JAN , J& , and JiN a re  t h e  upper-state r o t a t i o n a l  quantum 
numbers corresonding t o  emitted r ad ia t ion  of wavelength % *  
A t  t h i s  point  t he  l i n e  spacing wi th in  the  band can be examined. It 
i s  r ead i ly  seen t h a t  each branch has l i n e s  spaced as c lose  a s  one-half an 
Angstrom un i t  a t  low ro ta t iona l  quantum numbers, and the  P branch has 
a l i n e  spacing of one Angstrom u n i t  a t  a r o t a t i o n a l  quantum number of 
30. 
I n  r e a l i t y  t h e  l i n e  spacing i s  much c loser  than indicated by 
equations (4 ) .  This r e s u l t s  from t r i p l e t  s p l i t t i n g  due t o  in t e rac t ion  
of t h e  e lec t ron  spin vector with t h e  e l ec t ron  o r b i t a l  momentum vector.  
A s  a r e s u l t ,  t h e  l i n e s  a re  s p l i t  i n t o  th ree  l ines ,  with an average wave- 
length given by equations ( 4 ) .  Owing t o  the  close l i n e  spacing, t he  
t a sk  of i so la t ing ,  identifying, and measuring the  i n t e n s i t y  of a s ing le  
l i ne  appears formidab1.e. Therefore, f o r  these s tud ies  t h e  l i n e  s t ruc ture  
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of‘ the band was assumed t o  be a continuum. 
a t  a pa r t i cu la r  wavelength was then assumed t o  be a function of the  
following f ac to r s  : 
The in t ens i ty  of the continuum 
a )  
b) 
c )  
the spacing of the  l ines  i n  each branch a t  the given wavelength, 
the  l i ne  strengths i n  each band a t  the given wavelength, 
the number of molecules with ro t a t iona l  quantum numbers corre- 
sponding t o  t rans i t ions  t h a t  give r i s e  t o  l i nes  a t  the given 
wavelength. 
This procedure implies t h a t  the energy of the  rad ia t ion  emitted by each 
molecule undergoing the  specified electronic-vibrat ional-rotat ional  
t r a n s i t i o n  i s  the same regardless of the  ro t a t iona l  levels  involved. It 
a l s o  implies t h a t  the probabili ty t h a t  the upper-state molecule undergoes 
a t r a n s i t i o n  i s  not a function of ro t a t iona l  quantum number. 
speaking, nei ther  assumption is cor rec t  since both radiant  energy and 
t r a n s i t i o n  probabi l i ty  a re  functions of the wavelength of emitted 
radiat ion.  Since the  bands under consideration are  narrow, however, a 
good approximation can be obtained with these two assumptions. 
calculat ion of the three fac tors  enumerated above w i l l  be covered i n  
the  following paragraphs. 
S t r i c t l y  
The 
The l i n e  spac5ng i n  each branch is  found by the  following procedure: 
R” JQN ’ 
Solve f o r  hR , hQ , and h f o r  J R = J RN + JQ = J&N + 1 ,  
nh, = $ - hR 
nhQN = AN - h 
CShN = - hP ( 5 4  
For a given wavelength 
JpN . 
i n t eg ra l  values of J can be allowed. 
AN , solve equations ( 4 )  f o r  J 
As a r e s u l t  of the  assumed continuum dis t r ibu t ion ,  non- 
P 
and 
Obtain the l i n e  spacing f o r  the three branches from 
Jp = JpN + 1 
( 5 4  
(5b) Q 
This procedure w i l l  not be valid i n  the space between’ the band o r ig in  
and the band head because there the P branch has two values of JpN 
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corresponding t o  each . Since t h i s  space represents  a range of l e s s  
than 2 Angstrom units i n  width, the r e s t r i c t i o n  i s  of l i t t l e  consequence, 
Both upper and lower s t a t e s  i n  the t r a n s i t i o n  have a value of A 
of unity.  
of Hertzberg. These are  
Therefore, the l i ne  s t rengths  a re  given by equations (IV-81) 
R branch : - (J' + 1) (J' - 1) 'JR - J' 
Q branch : 
- (J '  + 2) (J') 
'JP - J ' + 1  P branch : 
I f  the three l i n e  s t rengths  for  a given J' a re  added, the sum w i l l  be 
the l e v e l ' s  s t a t i s t i c a l  weight (25' + 1) . Therefore, i f  a molecule 
undergoes a t r ans i t i on ,  t h e  probabi l i ty  t h a t  the t r a n s i t i o n  w i l l  be an 
R-branch t r ans i t i on ,  a Q-branch t rans i t ion ,  o r  a P-branch t r ans i t i on  
w i l l  be 
'JR JQ or  'JP , respectively.  
S 
25' + 1 ' 2J '+ 1 ' 2J '+ 1 
(7 )  
The number of molecules a t  a given ro t a t iona l  quantum number i s  
found with the  a i d  of equation (111-167) i n  Hertzberg: 
BT (J + 1)hc 
kT hcB N = N - ( 2 J + l ) e  J kT 
where N is  the t o t a l  number of molecules, 
h i s  Planck's constant, 
c 
B i s  Bv used e a r l i e r  t o  evaluate l i n e  posit ion,  
k i s  Boltzmann's constant, and 
T i s  the temperature i n  degrees K . 
i s  the veloci ty  of l i gh t ,  
For a given sample of gas a t  a specif ied temperature, equation ( 7 )  
can be rewri t ten a s  B;J' (J' + 1) hc 
kT 
N = K1(2J' + 1) e J 
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2.607) (J') (J' + 1) 
T = K1 (25' + 1) expl - ( 
where the  constant K 
and the  prime notation r e f e r s  t o  the  upper s t a t e  a s  noted earlier. 
i s  t h e  same f o r  a l l  ro t a t iona l  quantum numbers 1 
Combining these factors ,  we can write the  continuum in t ens i ty  a t  any 
wavelength h as 
I = + IW + IPN N 
and 
K2 i s  a constant f o r  a given sample of gas a t  specif ied temperature, 
and is  a function of band in t ens i ty  corresponding t o  a l i n e  
spacing of unity, 
sRN 3 sslN 7 and SpN are  given by equations (6a),  (6b), and (6c) ,  
nhRN , aW , and DhpN are  given by equations (5a) ,  (5b), and (5c),  
, and JpN are  the  solut ions t o  equations (4a), (4b), J ~ ~ '  J~ 
and (4c)  f o r  a specified wavelength AN , and 
T i s  the  specified temperature. 
On the  bas i s  of equation (8), values of IN were calculated f o r  
values of from 3802 t o  3755 Angstrom units,  the  head of the  next 
band. These values, normalized with respect t o  the  in t ens i ty  of 3795 
Angstroms, a r e  shown i n  Figure 5 f o r  selected temperatures between 2OO0K 
and 200OOK. The reasons fo r  selecting t h i s  normalization procedure w i l l  
be discussed i n  the  following section. 
$ 
Emerimental Method 
The spark spectrum was analyzed with e i t h e r  a Hilger medium quartz 
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spectrograph with a f o c a l  length of 0.6 meters or  a J a r r e l  Ash half-meter 
Spectrometer. 
manner: the spectrograph permitted intensity-versus-wavelength data t o  
be obtained a t  a given time or  over a given t i m e  in te rva l ;  the spectrometer 
permitted intensity-versus-time data t o  be obtained a t  a given wavelength 
o r  over a given wavelength in te rva l .  Because of the low spark-light 
levels ,  it was necessary t o  have a time in t e rva l  of a t  l e a s t  the  duration 
of the spark when the spectrograph was used t o  co l l ec t  data .  As discussed 
i n  the previous section, it was necessary t o  have a wavelength i n t e r v d  
grea te r  than the ro t a t iona l  l ine  spacing when the spectrometer was used. 
The two instruments complemented each other i n  the following 
Spectrographic p l a t e s  of a 0.5-joule spark a t  1.0 mm pressure a re  
shown i n  Figure 3. The upper three spectra correspond t o  5, 25, and 125 
sparks with no magnetic f i e l d .  
1, 5, and 25 sparks with a 655-gauss magnetic f i e l d .  Data obtained i n  
t h i s  manner permit the  e n t i r e  spectrum t o  be examined r e l a t i v e l y  eas i ly .  
The experimental arrangement used t o  obtain spectrographic data i s  shown 
i n  Figure 6. The collimating lens  was g lass  and hence probably f i l t e r e d  
out a l l  rad ia t ion  with wavelengths shorter  than 3000 Angstrom uni t s .  
The lower three spectra correspond t o  
The apparatus used t o  obtain data with the spectrometer i s  a l s o  
shown i n  Figure 6. 
the spark t o  reduce the e f f ec t s  on the data of R?? rad ia t ion  from the 
spark. Collimating and condensing lenses were used t o  achieve a maximum 
light-gathering eff ic iency.  
a maximum s e l e c t i v i t y  of l ight from the spark. 
were adjusted with the aid of a neon bulb inser ted i n  place of the  spark 
column, and the image of the center  of the bulb was focused on the 
entrance s l i t .  
The spectrometer was removed a s  f a r  as possible from 
The geometry of the op t i ca l  path also provided 
The o p t i c a l  components 
A Dumont 6292 photomultiplier tube was used t o  measure the l i gh t -  
i n t ens i ty  a t  the e x i t  s l i t  of the  spectrometer. A diagram of the c i r c u i t  
used with the tube i s  shown i n  Figure 7. To minimize noise pickup, all 
leads were kept as short  as possible and the e n t i r e  c i r c u i t  was encased 
i n  a brass tube. 
tube as a fur ther  precaution. 
as possible,  1000 Ohms, t o  insure a sa t i s f ac to ry  response t i m e .  
A mu-metal sh i e ld  was placed around the photomultiplier 
The output res is tance was kept as small 
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Data were recorded on a Tektronix type-551 oscil loscope i n  conjunction 
The preamplifier had an input capacitance with a type-53/54B preamplifier. 
of 47 pf ,  and the coaxial  data cable had a d is t r ibu ted  capacitance of 
about 34 pf .  Therefore, the RC product of the photomultiplier output 
c i r c u i t  was 0.08 microseconds, which i s  60% greater  than the molecular 
upper-state l i fe t ime.  
The l i nea r  range of the photomultiplier c i r c u i t  was found by inser t ing  
ca l ibra ted  neutral-density f i l t e r s  i n  the op t i ca l  path and observing the 
e f f e c t  on the output. As a r e su l t  of t h i s  procedure it was found nec- 
essary t o  l i m i t  photomultiplier output t o  60 mi l l i vo l t s  o r  less, which 
corresponds t o  an anode current of 60 microamps or  less. 
The spark was oriented along a horizontal  l i n e  so tha t  it was a t  
r i g h t  angles t o  the spectrometer s l i t .  
tha t  if the  spark were oriented p a r a l l e l  t o  the s l i t ,  large random 
var ia t ions  i n  in t ens i ty  would occur, indicat ing a s p a t i a l  i n s t a b i l i t y  
of the spark. These var ia t ions were g rea t ly  reduced by or ien t ing  the 
Preliminary experiments showed 
spark a t  right angles t o  the s l i t  and opening the s l i t  t o  i t s  maximum 
height and width. 
The large s l i t  widths used made it necessary t o  modify the computed 
in t ens i ty  d i s t r ibu t ions  shown i n  Figure 5 t o  account f o r  the  instrument- 
p r o f i l e  e f f ec t s ,  t h a t  is  t o  account f o r  the  f a c t  that  the  photomultiplier 
tube was measuring the in tens i ty  of rad ia t ion  over a wide range of 
wavelengths r a the r  than a t  a single  wavelength. 
measured by se t t i ng  the spectrometer s l i t  width and s l i t  height t o  the  
values used i n  the experiments and scanning the 6328-Angstrorn l i n e  from 
a helium-neon l a se r .  The resu l t s ,  p lo t t ed  as in t ens i ty  r a t i o  versus 
wavelength, a r e  shown i n  Figure 8. 
zero l i n e  width, the data shown give the ac tua l  instrument p ro f i l e  
without correct ion f o r  l i ne  prof i le .  The instrument p r o f i l e  shown i n  
Figure 8 was assumed t o  apply a t  a wavelength 3805 Angstrom uni t s  without 
correct ion f o r  the change i n  wavelength. 
Instrument p r o f i l e  was 
Since the l a se r  l i n e  has v i r t u a l l y  
The band-intensity d is t r ibu t ion  data were corrected f o r  instrument- 
p r o f i l e  e f f ec t s  by assuming tha t  the r e l a t i v e  instrument response was a s  
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follows : 
set 100% a t  h = h 
74% a t  h = h + 2 Angstrom un i t s  set - 
39% a t  A = h + 4 Angstrom u n i t s  set - 
0% a t  h = hset - + 6 Angstrom un i t s  
In tens i ty  d is t r ibu t ions  corrected i n  t h i s  manner are shown i n  Figure 9 
f o r  temperatures between 200°K and 2000'K. 
be measured i f  gas samples a t  the indicated equilibrium temperatures were 
examined with the  spectrometer. 
These values are what would 
Preliminary surveys of the in t ens i ty  d i s t r ibu t ion  across the  e n t i r e  
band have been made of the 0.5-joule spark a t  1 m m  pressure. These data, 
which a r e  not included i n  t h i s  report ,  indicate  t h a t  the gas i n  the spark 
i s  close t o  equilibrium, that  is, that  the  d i s t r ibu t ion  of ro t a t iona l  
k ine t ic  energy i s  close t o  an equilibrium dis t r ibu t ion .  
If the gas i n  the  spark has an equilibrium d i s t r ibu t ion  of ro t a t iona l  
k ine t i c  energy, the ro ta t iona l  temperature can be found by measuring the 
band in t ens i ty  of any two wavelengths. It can be assumed then, t h a t  t he  
t r ans l a t iona l  temperature is  in  equilibrium w i t h  the  ro t a t iona l  temperature, 
and therefore  the temperature found i n  t h i s  manner is  the  temperature i n  
the equation of s t a t e  of t he  gas. For the case under discussion, 3795 
Angstrom un i t s  appears t o  be a convenient value f o r  one of the two 
wavelengths because the computed i n t e n s i t i e s  can not be considered re- 
l i a b l e  a t  wavelengths much closer t o  the or igin.  
the corrected band in t ens i t i e s  a t  3775 Angstrom un i t s  and 3785 Angstrom 
un i t s  have been divided by the corrected in t ens i ty  a t  3795 Angstrom un i t s  
and p lo t ted  versus temperature i n  Figure 10. 
3785-~ngstrom curve i s  the  more desirable  because of i ts  steeper slope 
i n  the 300°K t o  400°K temperature range. 
With t h i s  i n  mind, 
For the present study, the 
Spark temperatures were obtained by recording the  time-resolved 
band i n t e n s i t i e s  a t  3795 and 3785 Angstrom uni t s .  
t o  convert the r a t i o  of i n t ens i t i e s  t o  temperature. 
a t  the two d i f fe ren t  wavelengths could not be measured simultaneously, 
Figure 10 was used 
The band i n t e n s i t i e s  
so it was necessary t o  u t i l i z e  a separate spark f o r  each measurement. A 
continuum radiation, presumed due t o  t r ans i t i ons  involving free electrons,  
was found t o  e x i s t  i n  the spark spectrum. The in t ens i ty  of the continuum 
did not appear t o  vary w i t h  wavelength, so it was measured by setting the 
spectrometer a t  3815 Angstrom units, which i s  10 Angstrom units beyond the  
band head. As a re su l t ,  each spark temperature measurement took three 
sparks, one with the spectrometer set a t  3815 Angstrom units,  one a t  
3795 Angstrom uni ts ,  and one at 3785 Angstrom uni t s .  A second photo- 
mul t ip l ie r  tube with a c i r c u i t  similar t o  Figure 7 was used t o  insure 
t h a t  the spark liminousity was the same f o r  each spark. 
Experimental Results 
On the basis of the procedure described i n  the previous paragraphs, 
spark temperatures were measured f o r  the following conditions: 
spark energy: 0.05, 0.5, 5.0 joules 
magnetic f i e l d :  0, 225, 445, 655 gauss 
pressure: 0.1, 0.33, 1.0, 3.0, 10 mm Hg. 
All tests were conducted i n  the s t a t i c  tes t  chamber, and the chamber was 
flushed with nitrogen between sparks t o  insure t h a t  the tes t  gas did not 
become contaminated. Oscillograms obtained with each of the spark energies 
a re  shown i n  Figure 11. The upper set of t races  i n  each case is  the 
data; the lower trace i s  a composite o f , t h e  monitor output from each 
spark. 
and 3785 Angstrom uni ts .  
i n  the f igu re .  The s l igh t  r ipple  i n  the data t races  i s  due t o  radio- 
frequency rad ia t ion  from the spark. 
The data t races  correspond, from top t o  bottom, t o  3815, 3795, 
The horizontal  and v e r t i c a l  scales  are noted 
Time-resolved temperatures a t  the spark center l ine obtained from 
similar oscillograms are shown i n  Figure 12 f o r  a number of sets of 
0.5-joule sparks a t  1.0 mm pressure with magnetic f i e l d  strengths of 
0 and 655 gauss. 
a t  a value somewhat higher than the ambient temperature of 295OK. 
increase i n  temperature during the course of the spark can be noticed 
since the f inal  temperatures a re  generally higher than the i n i t i a l  
values. The rates of increase are not measurable i n  t h i s  form, however, 
I n  each case the s t a t i c  temperature appears t o  or ig ina te  
Some 
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because of the s c a t t e r  induced by the  noise discussed e a r l i e r .  
The l i nes  i n  Figure I2 were obtained by curve- f i t t ing  an equation of 
the form 
dT 
o d t  T = T  + - t  ( 9 )  
where T i s  the temperature i n  degrees Kelvin, and 
t i s  the t i m e  i n  microseconds from the i n i t i a t i o n  of the spark 
t o  each s e t  of data by the least-squares technique. 
e quat ions a re  
The r e su l t i ng  
T = 354 + 18.4 t (10) 
f o r  zero-gauss magnetic f i e l d  strength,  and 
T = 340.5 + 93 t 
f o r  the  655-gauss case. 
It i s  doubtful that  the ac tua l  heating process had a constant 
increase of temperature with t i m e .  
a more elaborate  temperature-time re la t ionship  was not j u s t i f i e d .  
Nevertheless, the  two f i t t ed  curves a r e  consistent w i t h  each other i n  
t he  time range between 0 . 1 5 ~ ~  and 0 . 6 5 ~ ~  i n  the following way: 
In  view of the data sca t t e r ,  however, 
1) A t  t = 0 . 1 5 ~ ~  the temperatures differ by 3 degrees, which i s  
much less than the measuring accuracy. 
The temperature-time slope f o r  the spark with 655-gauss magnetic 
f i e l d  is  f i v e  t i m e s  as grea t  as the slope f o r  t he  spark without 
magnetic f i e l d .  This r a t i o  i s  approximately the inverse of the 
r a t i o  of spark cross-sectional areas,  which implies that the  
r a t e  a t  which energy i s  added t o  the gas by the  spark i s  the 
same i n  each case.  
2)  
From t h i s  discussion it appears that  the temperature-time re la t ionships  
es tabl ished by curve f i t t i n g  a r e  su f f i c i en t ly  precise  t o  permit fu r the r  
analysis  of the spark process. The e f f e c t  of using such a large number 
of data points  has been a cancellation of the noise-induced data s c a t t e r .  
An a l t e rna te  method of eliminating noise e f f ec t s  is t o  in tegra te  
the  data  s igna l  over a number of noise cycles.  This approach, which 
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yie lds  average values, was u s e d t o  show e f f e c t s  of spark strength, pressure, 
o r  magnetic-field s t rength on spark temperature. 
were obtained by finding the area enclosed by the 3785-~ngstrom and 3815- 
Angstrom t r aces  and the area enclosed by the  3795-Angstrom and 3815- 
Angstrom t races .  The r a t i o  of these two areas  was then converted t o  
temperature by means of Figure 10. The average spark temperatures 
obtained by t h i s  method a re  shown i n  Figure 13 f o r  the three spark 
energies studied. Each data point represents  a separate measurement. 
The data a re  best interpreted physically as the temperature of t he  spark 
a t  i t s  midpoint o r  point of maximum in tens i ty .  For each spark they show 
a c lea r  t rend of increasing average temperature with increasing density.  
The average temperature i s  seen t o  increase with increasing magnetic 
f i e l d  s t rength f o r  t he  0.5- and 5.0 joule sparks but  not f o r  the 0.05- 
joule spark. 
Average temperatures 
IV. MEASUREMENT OF SPARK-INTENSITY PROFILE 
A s  a fu r the r  s t ep  i n  the computation of the  spark-column proper t ies  
it was necessary t o  obtain the current  density i n  the  spark. This was 
done by s t a r t i n g  wi th  the  observed correspondence between current  and 
spark in t ens i ty  and assuming that a similar correspondence e x i s t s  between 
spark-intensity d i s t r ibu t ion  and current-density d i s t r ibu t ion .  
j u s t i f i c a t i o n  f o r  t h i s  assumption w i l l  be discussed i n  the next section. 
Spark-intensity d i s t r ibu t ion  was measured i n  two ways: d i r e c t l y  with an 
o p t i c a l  system and a photo-multiplier t u b e ,  and ind i r ec t ly  by recording 
the image on f i l m  and reading the  f i lm  densi ty  with a microphotometer o r  
densitometer. 
The 
The d i r e c t  measurement has the disadvantage that a separate spark 
i s  required f o r  each measurement as the  radius  i s  varied.  
i n t ens i ty  d i s t r ibu t ions  can be obtained, however. The photographic 
method permits a complete in tens i ty  p r o f i l e  t o  be obtained from a single  
spark, but does not give time-resolved measurements. It has the  fu r the r  
disadvantage that data must be corrected f o r  nonlinearity of the f i lm 
response and f o r  three-dimensional e f f ec t s .  
Time-resolved 
All spark-intensity p ro f i l e  measurements were made i n  the s t a t i c  
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chamber shown i n  Figure 1. 
varied a s  i n  the spark temperature t e s t s ,  but fewer pressure leve ls  were 
used. Except f o r  the  data-recording instrumentation, t he  t e s t  procedure 
was the  same as discussed i n  the previous chapter. 
f o r  the  d i r e c t  measurement of spark-intensity p r o f i l e  is iden t i ca l  t o  
t h a t  shown i n  Figure 6 except t ha t  the  spectrometer was removed and the  
spark image was focused d i r ec t ly  on the  photomultiplier assembly. 
o p t i c a l  f i l t e r  was inser ted i n  t he  o p t i c a l  path t o  eliminate a l l  r ad ia t ion  
except the second posi t ive band system. An o r t f i c e  p l a t e  with a 0.028- 
inch diameter o r i f i c e  was placed a t  the  f o c a l  point t o  increase the 
resolut ion of the  system. 
the two lenses, the e f f ec t ive  f i e l d  of view was about 0.010 inches i n  
diameter. 
path t o  the condensing lens assured a shallow depth of f i e l d ,  so no 
correct ion f o r  three-dimensional e f f e c t s  was applied t o  the data.  
Spark energy and magnetic f i e l d  s t rength were 
The apparatus used 
A n  
Since the image was enlarged three times by 
The low f-number of the  coll iminating lens and the long op t i ca l  
Time-resolved in t ens i ty  p ro f i l e s  of the 0.5-joule spark a t  1.0 mm 
pressure without a magnetic f i e l d  and with a 655-gauss magnetic f i e l d  
a r e  shown i n  Figure 14. 
a var ia t ion  i n  center l ine location between successive sparks r a the r  than 
t o  an in t ens i ty  var ia t ion,  since t o t a l  spark luminousity was monitored 
and found t o  be r e l a t i v e l y  constant. 
the  spark with a zero-gauss magnetic f i e l d  i s  qui te  d i f fuse  during i t s  
e a r l y  stage and tends t o  become more confined a s  time progresses. The 
confining influence is probably the self-induced magnetic f i e l d .  The 
spark with a 655-gauss magnetic f i e l d  does not exhib i t  t h i s  behavior, 
indicat ing t h a t  the externally applied magnetic f i e l d  is  the  more important 
confining influence. 
The large amount of s c a t t e r  i s  probably due t o  
The data  i n  Figure 14 show t h a t  
In t ens i t i e s  integrated over the t o t a l  spark duration are  shown i n  
Figure 15. 
photographic data corrected for  f i lm nonl inear i ty  and three-dimensional 
e f f e c t s .  
the spectrographically measured heating r a t e s  shown i n  Figure 12 f o r  
fu r the r  computation of spark-column propert ies .  The two s e t s  of data  
a re  compatible since each represents an i n t e g r a l  o r  average over most 
These values should be equivalent t o  those obtained from 
The data shown i n  Figure 15 w i l l  be used i n  conjunction with 
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of the spark duration. 
Spark photographs were made with e i t h e r  a Fai rch i le  type-F-296 
oscilloscope camera attached t o  the chamber or  a 4 x 5-inch Graflex 
camera mounted on a t r ipod.  
oscilloscope camera; Eastman Commercial f i lm and T r i - X  f i l m  were used 
i n  the Graflex camera. 
sat isfactory,  i n  sp i t e  of a nonuniformity i n  background opacity, because 
of i t s  lower exposure threshold and consequent bet ter  l i nea r i ty .  The 
r e s u l t s  of the photographic measurements of spark-intensity p ro f i l e  are 
shown i n  Figure 16 as normalized r a d i i .  All r a d i i  were normalized with 
respect t o  the radius of the 0.5-joule spark a t  1 mm pressures without 
magnetic f i e l d .  The data were not corrected f o r  f i lm  nonlinearity and 
f o r  three-dimensional e f f ec t s  because each of these corrections i s  
subject t o  uncertaint ies .  It i s  doubtful, therefore, t h a t  the accuracy 
of corrected data would be as good as that  of the d i r e c t  measurements. 
Polaroid type-46-~  f i lm  was used i n  the 
The type-46-~  f i l m  was found t o  be the  most 
The data-reduction procedure used t o  obtain Figure 16 was as follows: 
Films of all sparks were read with the  microphotometer, and the areas 
under the intensity-distance records were obtained. Mean radius, defined 
as one-half t h i s  area divided by the peak intensi ty ,  f o r  each spark was 
then normalized by dividing by the mean radius f o r  the  0.5-joule spark 
a t  1 mm pressure without magnetic f i e ld .  
i s  based on the assumptions tha t  the intensity-distance p lo t s  f o r  all 
sparks have s imilar  shape, and t h a t  f i l m  nonlinearity and three-dimensional 
effects a re  the same f o r  all spark photographs. 
This  data-reduction procedure 
The f i r s t  assumption was var i f ied  by a comparison of the micro- 
photometer records of the in t ens i t i e s  of the photographed spark images, 
Four of these p ro f i l e s  are reproduced i n  Figure 17, normalized so t h a t  
each has a peak in tens i ty  of unity. An inspection shows the  in t ens i ty  
d is t r ibu t ion  t o  be a modified Gaussian curve, s i m i l a r  i n  shape f o r  all 
pro f i l e s .  A s  the  magnetic f i e l d  i s  decreased the curves a re  stretched 
along the distance ax i s  but otherwise remain unchanged except f o r  some 
d i s to r t ion  i n  the region of very low in tens i ty  r a t i o s .  
Film-nonlinearity e f fec ts  were made constant from f i lm t o  f i l m  by 
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holding the m a x i m u m  exposure level  constant. Thus, i f  the photographed 
in t ens i ty  p ro f i l e s  were corrected, a specif ied in t ens i ty  r a t i o  i n  each 
p r o f i l e  would be multiplied by the  same correct ion f ac to r .  Although the 
p r o f i l e s  would be d is tor ted  by such a correction, the curves would remain 
s imilar  i n  shape i f  they were or ig ina l ly  s imilar .  Likewise, i f  s imilar  
curves were corrected f o r  three-dimensional e f f ec t s ,  the r e su l t i ng  curves 
would be similar i n  shape. 
I n  view of the  above discussion, it appears t h a t  a good approximation 
t o  the  corrected spark-intensity p r o f i l e  f o r  each of t h e  conditions repre- 
sented i n  Figure 17 can be obtained, i f  the ordinate i n  the  zero-gauss 
in t ens i ty  d i s t r ibu t ion  i n  Figure 1-5 i s  multiplied by the  corresponding 
normalized radius.  
V. PROPERTIES OF SPARK-HEATED COLUMN DEDUCED FROM MEASUREMENTS 
As discussed earlier, the primary purpose of the present study 
i s  the  measurement and computation of the  gas propert ies  i n  the  spark- 
heated column a t  the  time the  spark current ceases. 
w i l l  be used i n  l a t e r  phases of the research program as i n i t i a l  conditions 
i n  the study of the behavior of the spark-heated column i n  a hypersonic 
stream. The quant i t ies  t h a t  must be obtained through d i r e c t  measurement 
o r  computed from measurements a r e  gas temperature, e lec t ron  energy, and 
e lec t ron  concentration. Furthermore, these might 11Ot ‘ce constant across 
the spark column, so the r a d i a l  va r i a t ion  as wel l  as the  value i n  the  
center  of the spark must be obtained. 
These gas propert ies  
The two previous sections discussed the measurement of temperature 
a t  the  center  of the  spark and the measurement of spark- intensi ty  prof i le .  
From the l a t t e r ,  current density was inferred.  The var ia t ion  of temperature 
with radial distance i s  not known, and addi t iona l  spectroscopic measure- 
ments of further analysis  w i l l  be required before it can be establ ished.  
Electron energy and concentration a re  functions of e l e c t r i c  f i e l d  
s t rength and can be obtained i f  e l e c t r i c  f i e l d  s t rength is  known, 
Although the e l e c t r i c  f i e l d  strength cannot be measured d i rec t ly ,  it can 
be obtained from the r a t e  a t  which energy i s  added t o  the gas by the 
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spark i f  the  current density i s  known. 
Rate of Energy Addition 
The r a t e  of energy addition is  found from t h e  heating-rate data i n  
Figure 12, where the  rates of change of temperature with t i m e  were 
18.4 x 10 
6 0  and 93 x 10 
values a re  average values over the  port ion of the spark between O.l’jps 
and 0 . 6 5 ~ ~  a s  a consequence of the  assumed temperature-time re la t ionship  
used i n  curve- f i t t ing  the  spectroscopic data .  
6 0  K/sec f o r  the 0.5-joule spark a t  1 mm pressure without f i e l d  
K/sec f o r  the same spark with a 655-gauss f i e l d .  These 
A s  discussed i n  Chapter 111, the  temperature ac tua l ly  measured was 
the ro t a t iona l  temperature. 
ro t a t iona l  temperature equi l ibra te  i n  a few molecular co l l i s ions ,  f o r  
the  present t h i s  heating-rate data  can be assumed t o  be indicat ive of 
the change i n  the  t r ans l a t ion  temperature wi th  time. Owing t o  the long 
re laxa t ion  times associated with v ibra t iona l  and e lec t ronic  temperatures, 
there  is  probably no re la t ionship  a t  t h i s  gas density and spark duration 
between the amount of v ibra t iona l  and e lec t ronic  energy added t o  the  
gas and the measured heating r a t e .  
heating r a t e  can be used t o  compute the energy added t o  the  gas by 
t r ans l a t iona l  and ro t a t iona l  exc i ta t ion  only. 
Since the  t r ans l a t iona l  temperature and the 
It follows then that the measured 
When an element of gas undergoes a constant-volume heating process, 
the r a t e  of energy addi t ion and the r a t e  of temperature increase a re  
r e l a t ed  by 
dQ - d t  = OCV 
where - dQ is d t  
P is 
c i s  
V 
dT - is  
d t  
If we want t o  
t r ans l a t iona l  
dT 
d t  
-
the  r a t e  of energy addition, 
the gas density, 
the  spec i f ic  heat per un i t  mass a t  constant volume, and 
the r a t e  of temperature increase.  
r e l a t e  the change i n  energy represented by r o t a t i o n a l  and 
exc i ta t ion  t o  the change i n  ro t a t iona l - t r ans l a t iona l  
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temperature, we can use the values c f o r  room-temperature gas, since 
only these two modes are  excited at  low temperatures. The spec i f ic  heat  
a t  constant volume i s  used because it appears t h a t  the gas i n  the spark 
w i l l  not be able t o  expand appreciably during the 0.8-microsecond spark 
duration, even though some heating might occur. 
V 
0 For nitrogen a t  a temperature of 295 K and a pressure of 1 mm, we 
have 
-6 3 
p = 1.55 x 10 
c 
gm/cm 
= 0.177 cal/gm°K = 0.74 joules/gm°K . 
V 
On the basis of these values and the heating-rate data from Figure 12, 
the energy added t o  the  t rans la t iona l  and ro ta t iona l  degrees of freedom 
i s  calculated as 
without magnetic f i e  I d  3 - -  dQ 21.1 joules/cm sec a t  - 
- =  dQ 107 joules/cm 3 sec with 655-gauss f i e l d  d t  
It should be noted again that these values do not include the energy 
added t o  the gas through vibrat ional  and electronic  exci ta t ion.  
Current Density 
Current density i s  found from the spark-intensity p ro f i l e s  i n  Figures 
14 and l'j by assuming a proportionali ty between in tens i ty  and current 
density. This assumption can be j u s t i f i e d  on physical grounds. As 
discussed earlier, measurements of spark current and spark luminosity 
showed t h a t  the luminosity was proportional t o  current.  Massey and 
Burhop (1952) give the excitation cross  sect ion f o r  the nitrogen second 
posi t ive band system and show it t o  be zero f o r  e lectron energies l e s s  
than 14 electron vol t s  and t o  reach a maximum a t  20 electron vol t s .  
Consequently, only a small percentage of the t o t a l  number of e lectrons 
i s  capable of exci t ing t h i s  band system. 
proportional t o  the number of exc i ta t ion  col l is ions,  which is  a function 
of the number of e lectrons and the i r  temperature. 
temperature i s  uniform across the  spark as indicated by von Engle (1955), 
the luminous in tens i ty  w i l l  be proportional t o  the electron concentration. 
The radiat ion produced i s  
If the e lec t ron  
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A uniform electron temperature implies a uniform f i e l d  strength and 
consequently a uniform electron dr i f t  velocity.  Therefore, current 
density w i l l  be proportional t o  e lectron concentration and hence pro- 
p o r t i o n a l t o  luminous intensi ty .  Since the number of e lectrons with 
suf f ic ien t  energy f o r  exci ta t ion i s  small, the  number of molecules 
exci ted w i l l  be small compared with the t o t a l  number of molecules. 
though each molecule can undergo only one excitation-emission cycle during 
the spark, the number of molecules available f o r  exc i ta t ion  w i l l  not be 
affected by the number of previous exci ta t ion co l l i s ions .  
\ 
Even 
For these computations of current density, the  integrated in tens i ty  
p r o f i l e  found i n  Figure 15 must be used t o  be consis tent  with the average 
heating-rate data. The constant of proport ional i ty  between in tens i ty  and 
durrent density oan be found by equating the t o t a l  current t o  the product 
of the  constant of proportionali ty and the volume under the intensi ty-  
radius  curve. That is, we can write 
R 
where It i s  the t o t a l  current, 
K i s  the constant of proportionali ty,  
R i s  the maximum radius of' the  spark column, 
r i s  the radius, and 
I ( r )  i s  the local value of in tens i ty  from Figure 15. 
This procedure assumes, of course, that  the spark-intensity p ro f i l e  i s  
axisymmetric about the point r = 0 . 
A value of It = 0.80 Imax = 168 amps was chosen t o  be consistent 
with the average heating r a t e  used. 
current during the t i m e  in te rva l  between 0.15 and 0 . 6 5 ~ ~  . 
integrat ion i n  Eq. (13) was performed graphically, the  following values 
of K were obtained: 
This value corresponds t o  the average 
When the 
2 
2 
K = 16 amp/cm /unit  of in tens i ty  
K = 80 amp/cm /unit  of in tens i ty  
without magnetic f i e ld ,  
w i th  655 -gauss f i e  Id. 
The maximum values of current density corresponding t o  these values are 
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2 
2 
I = 16 amp/cm 
I = 80 amp/cm 
without magnetic f i e l d ,  
with 655-gauss f i e l d .  
The heating rates found e a r l i e r  can be divided by the appropriate 
value of current density t o  give heating rate f o r  a uni t  current density. 
For both cases the r e s u l t  is 
3 - =  dQ 1.32 joule/cm sec , 
d t  
which i s  equivalent t o  a voltage gradient of 1.32 vo l t s  per cm. 
heating rate f o r  uni t  current density can be put i n  more convenient un i t s  
by use of the physical constant 
This gives a heating r a t e  of 
The 
18 1 joule = 6.23 x 10 electron vol t s .  
dQ 18 3 - = 8.2 x 10 d t  e lectron volts/cm sec 
f o r  un i t  current density. 
Computation of Elec t r ic  Field Strength 
The relat ionships  between electron behavior and e l e c t r i c  f i e l d  
strength have been measured by a large number of invest igators  over the 
pas t  50 years. 
(1952) and by Townsend and Bailey (1921) are  shown i n  Table I. 
w i l l  be used i n  subsequent calculations.  
The resul ts  of investigations by Crompton and Sutton 
These 
A s  a f i r s t  step, the electron concentration required by the  current 
density can be found f o r  each value of e l e c t r i c  f i e l d  s t rength l i s t e d  
i n  Table I. These two parameters and the electron-drif t  veloci ty  are 
re la ted  by 
I = n w q  e e  
where I i s  the current density, 
n is  the electron concentration, 
w is  the electron-drif t  velocity,  and 
q i s  the electron charge, 1.602 x coulomb . 
e 
e 
2 Equation (14) has been solved f o r  a unit  current density (1 amp/cm ) 
each value of f i e l d  strength l i s t e d  i n  Table I; the resu l t ing  electron 
f o r  
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. 
concentrations a re  p lo t ted  i n  Figure 18. 
from Table I can now be used along with electron concentration t o  f i n d  
gas heating r a t e  as a function of e l e c t r i c  f i e l d  strength.  
the  value of e l e c t r i c  f i e l d  strength corresponding t o  the  measured heat ing 
r a t e  w i l l  be the e l e c t r i c  f i e l d  s t rength i n  the  spark. 
Electron c o l l i s i o n  information 
I n  pr inciple ,  
The mechanics of electron-molecule co l l i s ions  must be examined 
b r i e f l y  t o  assure that  the results are consis tent  with the r e s t r i c t i o n  
t h a t  the  measured heating r a t e  d i d  not r e f l e c t  the v ibra t iona l  and 
e lec t ronic  exc i ta t ion  energy tha t  was being added t o  the  gas. 
According t o  simple kinet ic  theory, the  maximum amount of energy 
t h a t  can be t ransferred t o  a nitrogen molecule through a s ingle  e l a s t i c  
co l l i s ion  with an electron i s  
2m -4 
M AI3 = -  E = . 3 9 x  10 E 
where &E 2s the  energy added to  the molecule, 
m i s  the mass of the  electron,  
M is  the mass of t he  molecule, and 
E is the k ine t i c  energy of the molecule. 
This r e s u l t  follows from the  assumption of conservation of energy and 
momentum during the  co l l i s ion ,  and therefore  the energy t ransfer red  w i l l  
be t r ans l a t iona l  k ine t i c  energy only. 
obtained from electron-swarm experiments, as presented by Compton and 
Sutton (1952), show t h a t  the  ac tua l  energy t r ans fe r  i s  an order of magnitude 
higher than t h i s  value even a t  e lec t ron  exc i ta t ion  energy l eve l s  wel l  be- 
low the v ibra t iona l  threshold. 
Measmements of energy t r ans fe r  
Gerjuoy and S te in  (1955) a t t r i b u t e  th i s  discrepancy t o  ro t a t iona l  
exc i ta t ion  and show theore t ica l ly  tha t ,  as a r e s u l t  of ro t a t iona l  exci ta t ion,  
the ac tua l  energy loss w i l l  be an order of magnitude grea te r  than given 
by equation (15).  From this discussion, it appears t h a t  t he  f r a c t i o n a l  
energy loss per co l l i s ion  i n  Table I f o r  low values of e lec t ron  energy 
represents the f r a c t i o n  of energy that can be t ransfer red  by means of 
t r ans l a t iona l  and ro t a t iona l  exci ta t ion.  A t  higher values of f i e l d  strength, 
the f r ac t iona l  energy t ransfer  is  higher because of v ibra t iona l  and 
- 26 - 
i .- 
.. . 
e lec t ronic  exci ta t ion.  
rapid increase i n  f r ac t iona l  energy t r a n s f e r  a t  e lec t ron  energies near 
one vo l t  t o  be due t o  an electron-attachment co l l i s ion  i n  whrich the 
negative ion N2 is  formed. The ion has a short  l i fe t ime,  and when the 
ex t ra  e lec t ron  i s  rejected,  a large p a r t  of the  binding energy is  
t ransfer red  t o  v ibra t iona l  exci ta t ion.  
sect ion f o r  t h i s  phenomena t o  be sharply peaked a t  2.3 e lec t ron  vol ts ,  
with a magnitude of about 15% of t he  e l a s t i c  s ca t t e r ing  cross-section. 
The cross-section i s  v i r tua l ly  zero outside the energy range between 
1.5 and 5 e lec t ron  vol t s .  
cant u n t i l  e lec t ron  energies are increased t o  above 15 e lec t ron  vol t s ,  
and so should not have much ef fec t  a t  the  mean energies l i s t e d  i n  the  
table. 
Shultz (1949) and Haas (1957) have shown the 
- 
Haas repor t s  the co l l i s ion  cross-  
Electronic exc i ta t ion  does not become s i g n i f i -  
From the  above discussion we can construct the  following model f o r  
e lec t ron  c o l l i s i o n  processes in  the spark : 
Define an "active" co l l i s ion  as one t h a t  exc i tes  only molecular 
t r ans l a t ion  and rotation, the  so-called ac t ive  degrees of 
freedom. Define an  i n e l a s t i c  co l l i s ion  as one t h a t  exc i t e s  
other  modes, the inactive degrees of freedom. 
Assume that  the f r ac t iona l  energy t r ans fe r  per c o l l i s i o n  due 
t o  ac t ive  co l l i s ions  does not change with increasing e lec t ron  
energy. Regardless of the e lec t ron  energy, the equations of 
conservation of energy, l i nea r  momentum, and angular momentum 
must apply, and accordingly w i l l  l i m i t  f r a c t i o n a l  energy 
t ransfer .  
Assume that  the  f r ac t iona l  energy t r ans fe r  per c o l l i s i o n  f o r  a 
mean e lec t ron  energy of 0.1 ev , 
e n t i r e l y  t o  ac t ive  co l l i s ions ,  and t h a t  t h i s  i s  the appropriate 
value f o r  ac t ive  co l l i s ions  regardless of e lectron energy leve l .  
Assume tha t  the number of i n e l a s t i c  co l l i s ions  i s  small compared 
with the number of ac t ive  co l l i s ions .  Since the  v ibra t iona l -  
exc i ta t ion  cross-section has a maximum value of 15% of the e l a s t i c  
sca t te r ing  cross-section, we can expect the number of i n e l a s t i c  
co l l i s ions  t o  be less  than 15% of the  number of ac t ive  co l l i s ions ,  
-4 X = 3.1 x 10 , i s  due 
- 27 - 
or  l e s s  than 13% of the t o t a l  number of co l l i s ions .  
t h a t  an  average of half of the electron energy i s  t ransfer red  
during a s ingle  ine l a s t i c  c o l l i s i o n  and that  10% of the co l l i s ions  
a r e  ine l a s t i c ,  then we have a f r a c t i o n a l  energy t r ans fe r  per 
c o l l i s i o n  of 500 x 
energy of 2 .3  ev., and compares favorably with the tabulated 
value of 166 x 
Assume t h a t  the molecular temperature increase measured spectro- 
scopically i s  due only t o  energy t r a n s f e r  from ac t ive  co l l i s ions .  
Energy t ransfer red  t o  molecules as v ibra t iona l  o r  e lec t ronic  
exc i ta t ion  w i l l  not a f f ec t  the  t r ans l a t iona l  o r  ro t a t iona l  
exc i ta t ion  during the duration of the spark because of the  long 
re laxat ion times associated with the  in t e rna l  degrees of freedom. 
If we assume 
. This value corresponds t o  a n  e lec t ron  
fo r  a mean e lec t ron  energy of 2.22 vo l t s .  
e )  
The energy added t o  the gas by e lec t ron  co l l i s ions  i s  
- = n n X ~  dQ 
d t  e c 
where n 
x 
E 
is  the number of co l l i s ions  per second per e lec t ron  
i s  the f r a c t i o n a l  energy t r a n s f e r  per co l l i s ion ,  and 
is the mean electron energy i n  vol t s .  
C 
This m y  be rewri t ten as 
where L i s  the  e lec t ron  mean f r e e  path. 
-4 
If a value of ’i; = 3.1 x 10 i s  used f o r  the  f r a c t i o n a l  energy 
t r ans fe r  due t o  a l l  ac t ive  co l l i s ions  and appropriate values f o r  E and 
L are taken from Table I, the r a t e  of increase of ro t a t iona l  and t r a n s -  
l a t i o n a l  energy can now be found f o r  each of the  combinations of e l e c t r i c  
f i e l d  s t rength and electron concentration given by Figure 18. These 
r a t e s  of increase are plot ted i n  Figure 1-9 f o r  the range of e l e c t r i c  
f i e l d  strength given i n  Table I. The maximum value of e l e c t r i c  f i e l d  
s t rength l isted i n  the table  corresponds t o  the sparking poten t ia l ,  so 
higher f i e l d  s t rengths  need not be considered s ince they cannot e x i s t  
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, f o r  longer than about seconds. 
Two s igni f icant  r e s u l t s  are  noted i n  Figure 19. F i r s t ,  the  computed 
heat ing r a t e  reaches a maximum a t  a f i e l d  strength of about 1.2 vo l t s /  
cm/mm Hg and decreases wi th  fu r the r  increase i n  f i e l d  strength,  implying 
t h a t  there  i s  a maximum rate a t  which the  t rans la t iona l - ro ta t iona l  
temperature can be increased by a spark i n  nitrogen. Second, the measured 
heating r a t e  of 8.2 x l0l8 electron volts/cm sec is  about 75% grea te r  than 
the  maximum computed heating rate. 
3 
I n  view of the  above, it does not appear t ha t  without fu r the r  study 
r e l i a b l e  electron-concentration and electron-temperature data  can be 
obtained from spectrographic measurements of spark temperature. 
"best guess" based on Figure 19 would be a value of 1.2 volts/cm/mm Hg 
f o r  f i e l d  strength,  since th i s  is  the  point of c loses t  approach of the 
computed value t o  the measured heating r a t e s .  
would give an e lec t ron  energy of 1.0 ev. and an e lec t ron  concentration 
14 of 1.2 x 10 electrons per cubic centimeter f o r  the zero-gauss spark. 
Since the gas density is  1.55 x 10 
mass of 46.6 x 
molecules/cm , and the ionization l eve l  is 0.36%. 
spark, the  electron concentration and ionizat ion l eve l  a r e  f i v e  times 
as large,  o r  6 x 1014 electrons per cubic centimeter and 1.8% respect ively.  
From t h i s  it appears that the e f f e c t  of the magnetic f i e l d  is  t o  concen- 
t r a t e  the electrons i n  a more confined region, leaving the e l e c t r i c  f i e l d  
strength and e lec t ron  temperature unaffected. 
A 
This value of f i e l d  s t rength 
-6 3 gm/cm , and each molecule has a 
16 
gm, t he  molecular number density is  3.3 x 10 
3 For the 655-gauss 
A check of the magnitudes of the energy added t o  the various molecular 
degrees of freedom by electron co l l i s ions  shows t h a t  the d issoc ia t ion  
energy represented by the  computed ionizat ion i s  approximately equal t o  
the energy added during the  assumed constant-current port ion of the spark. 
Since the  d issoc ia t ion  energy was added during the  O . 1 5 - p ~  i n t e r v a l  
preceding the constant-current portion of the  spark, it appears that  
ha l f  of t he  t o t a l  energy added t o  the  gas was added during the  formative 
stage.  Because of the s m a l l  current  during t h i s  period, a high e l e c t r i c  
f i e l d  strength would be required f o r  the  energy addi t ion t o  take place. 
About half of the  energy added during the assumed constant-current 
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port ion was added t o  the  act ive degrees of freedom. The remainder was 
added t o  the inact ive degrees of freedom, primarily vibrat ion.  It can 
be seen that  about three-quarters of the t o t a l  energy added t o  the gas 
by the spark process was added t o  the inact ive degrees of freedom and 
was not considered i n  the computation of spark heating because of the  
long re laxa t ion  t i m e .  
however, i n  the 50-to 100-ps period during which the motion of the  ionized 
column of gas i s  being studied. 
This i n t e rna l  energy w i l l  have t o  be considered, 
V I .  CONCLUSIONS 
A s  a r e s u l t  of the in sens i t i v i ty  of the computed heating r a t e  t o  
e l e c t r i c  f i e l d  strength,  it appears than an a l t e rna te  method w i l l  have 
t o  be used t o  obtain electron energy and concentration. 
seem t o  be the  most favorable method. 
can be taken during the spark l i fe t ime,  the probes w i l l  be used t o  study 
the decaying plasma a f t e r  the  spark. 
cen t ra t ion  i n  the decaying plasma w i l l  be obtained. 
r e l a t i v e l y  slow recombination rate, it is expected that these r e s u l t s  
can be used t o  find electron concentration i n  the spark. 
s t rength and e lec t ron  energy can then be obtained from Figure 18 and 
Table I. Although the  decay process might cause some e r r o r  i n  the  inferred 
spark conditions, the electron cha rac t e r i s t i c s  i n  the decaying plasma are 
of g rea t e r  concern t o  the present research program than the  e lec t ron  
cha rac t e r i s t i c s  i n  the spark. 
A t  present,  probes 
Since it is  unlikely that  data 
Presumably average electron con- 
Because of the 
E lec t r i c  field 
The computed heating r a t e  shown i n  Figure 19 introduces some doubt 
about the  in t e rp re t a t ion  of the spark-temperature measurements. If there  
i s  a maximum rate a t  which a spark can increase the ro t a t iona l - t r ans l a t iona l  
temperature of nitrogen f o r  a specif ied current density, then the time- 
temperature re la t ionship  shown i n  Figure 14 cannot occur. The sudden 
i n i t i a l  increase of about 60°K i s  not compatible with such a r e s t r i c t i o n .  
Furthermore, if the maximum heating r a t e  predicted by Figure 19 i s  used 
t o  compute the f i n a l  increase i n  temperature, a value of less than lOoK 
i s  obtained f o r  the 0.5-joule spark a t  1 mm pressure without a magnetic 
f i e l d .  
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Although there  m i g h t  be some objection t o  the  model used t o  obtain 
the computed heating r a t e ,  t he  behavior shown by the  calculated values 
i n  Figure 19 can be explained on physical  grounds. 
s t rengths  above 1.2 volts/cm/mm Hg , the  energy t r ans fe r  t o  ac t ive  degrees 
of freedom decreases because of the  rapid increase i n  vibrat ional-exci ta t ion 
cross-section and the consequent increase i n  e lec t ron  energy t ransfer red  
t o  the  v ibra t iona l  degree of freedom. The presence of a large exc i t a t ion  
cross-sect ion has l i t t l e  e f fec t  on e lec t ron  d r i f t  velocity,  and therefore  
l i t t l e  e f f e c t  on the e lec t ron  density required t o  conduct the specif ied 
current  density.  Consequently, as the  e l e c t r i c  f i e ld  s t rength increases,  
the number of e lectrons decreases monotonically as shown i n  Figure 18, and 
the  e lec t ron  energy increases much less rapidly as a r e s u l t  of the energy 
spent i n  v ibra t iona l  exci ta t ion.  The product ne( E) 3/2 i n  Equation (16) 
decreases, causing dQ/dt t o  decrease. 
A t  e l e c t r i c  f i e l d  
A possible explanation for  the measured heating r a t e  being la rger  
than the computed r a t e  i s  seen by examining the assumption of equilibrium 
between the t r ans l a t iona l  temperatures and the  r o t a t i o n a l  temperature. 
It can be surmised on the  basis of the discussion i n  the previous sec t ion  
t h a t  almost all of the  ac t ive  energy t ransfer red  t o  a molecule as a resul t  
of an electron c o l l i s i o n  is  t ransferred t o  ro t a t iona l  exci ta t ion.  About 
f i v e  molecular co l l i s ions  a r e  required before th i s  increased energy is 
partioned equally between the f i v e  ac t ive  degrees of freedom, so the  
r e l a t i v e  f r e  quence of e lec  tron-molec u l e  and molecule -molecule co l l i s ions  
w i l l  give an indicat ion of the s t a t e  of equilibrium between the t r ans l a t iona l  
and ro t a t iona l  temperature. 
4 If the values L = 6.7 x 10-3cm and v = 4.2 x 10 cm/sec a r e  used 
f o r  molecular mean free path and mean thermal velocity,  a molecule- 
molecule co l l i s ion  frequency of 6.3 co l l i s ions  per molecule per micro- 
second is obtained. Similarly, i f  the values L = 2.74 x 10-2cm and 
v = 5.92 x 10 cm/sec are used f o r  e lec t ron  mean f r e e  path and thermal 7 
velocity,  a n  electron-molecule c o l l i s i o n  frequency of 2.16 x 10 9 co l l i s ions  
per e lec t ron  per second is obtained. 
0.5-joule spark without a magnetic f i e l d  i s  O.36$, each molecule w i l l  
undergo 0.36 x a s  many electron co l l i s ions ,  o r  7.7 co l l i s ions  per  
Since the  ionizat ion l e v e l  f o r  the 
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microsecond. On the average, therefore,  each molecule undergoes 1.2 
electron-molecule co l l i s ions  f o r  each molecule -molecule co l l i s ion ,  and 
as a consequence the ro t a t iona l  temperature w i l l  be higher than the  
t r ans l a t iona l  temperature. 
A s  discussed i n  the previous section, the mean e lec t ron  energy i s  
1.0 electron-volt ,  and the  average f r ac t iona l  energy t r a n s f e r  per 
c o l l i s i o n  t o  ac t ive  degrees of freedom i s  0.00031. 
energy increase per e lec t ron  co l l i s ion  would therefore  be 0.00031 vol t s .  
If t h i s  energy went i n to  the two ro t a t iona l  degrees of freedom only, it 
would cause a ro t a t iona l  temperature increase of 3.5 K per co l l i s ion ,  
o r  28 K per microsecond. 
the f i v e  ac t ive  degrees of freedom, it would cause a r o t a t i o n a l  temperature 
increase of 1.4 K per co l l i s ion  o r  11 K per microsecond. The measured 
increase of ro t a t iona l  temperature should f a l l  somewhere between these 
two extremes. 
The average ac t ive  
0 
0 If t h i s  energy were equally d is t r ibu ted  between 
0 0 
I n  f a c t  it falls exact ly  half-way between. 
The same reasoning can be used t o  give a possible  explanation f o r  
t h e  sudden temperature increase at the  s t a r t  of the spark. 
e a r l i e r ,  e lectrons exc i t ing  the second pos i t ive  band system must have 
energies of about 20 electron-vol ts .  
t r a n s f e r  t o  ac t ive  degrees of freedom were 0.00031 f o r  t h i s  e lectron 
energy level ,  then the  mean energy t r ans fe r  t o  ac t ive  degrees of freedom 
during exci t ing co l l i s ions  would be 0.0063 electron-volts.  
energy went i n to  the two ro t a t iona l  degrees of freedom only, it would 
cause a temperature increase of 74 K. On the  average, l i t t l e  of t h i s  
energy would be t ransfer red  t o  the t r ans l a t iona l  degrees of freedom before 
emission because the  upper-state l i fe t ime of 0 . 0 5 ~ ~  is shorter  than the  
average time between co l l i s ions ,  0.16~~. This calculated value of 74OK 
f o r  an average ro t a t iona l  temperature increase due t o  an exci ta t ion  
c o l l i s i o n  i s  i n  good agreement with the observation that  spectroscopically 
measured temperatures a t  the start  of t he  spark a re  60'~ higher than the  
ambient gas temperature. If t h i s  in te rpre ta t ion  is  correct ,  then ac tua l  
gas temperatures can be expected t o  be 60 K lower than the spectroscopically 
measured temperature. 
A s  discussed 
If the mean f r a c t i o n a l  energy 
If t h i s  
0 
0 
Unt i l  these points  a r e  f u l l y  explained, l i t t l e  can be said about t he  
- 32 - 
i n t e rp re t a t ion  of average spark temperatures (Figure 13) and r e l a t i v e  
spark diameters (Figure 16) f o r  other  combinations of spark energy and 
s t a t i c  pressure.  It i s  c lear ,  however, t h a t  nonequilibrium e f f e c t s  w i l l  
be the Gost pronounced f o r  cases of lowest pressure or  shor tes t  spark 
duration. 
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